This paper reviews the theoretical picture of dressed photons used to describe the electromagnetic interactions between nanometric particles located in close proximity to each other. The coupling between a dressed photon and multi-mode coherent phonons is also presented, revealing the presence of a novel phonon-assisted process in light -matter interactions. Applications of this novel process to innovative optical devices, fabrication technologies, energy conversion, and hierarchical systems are demonstrated.
Introduction
Nanophotonics, proposed by the author in 1993 [1 -3] , is a novel optical technology that utilizes the electromagnetic fi elds localized in nanometric space. These fi elds have been named optical near-fi elds due to their non-propagating features. Nanophotonics enables the realization of qualitative innovations in optical devices, fabrication techniques, energy conversion, and hierarchical systems by exploiting the novel functions and phenomena enabled by optical nearfi eld interactions that would otherwise be impossible if only conventional propagating light were used. In this sense, the principles and concepts of dressed photon technology are quite different from those of conventional wave-optical technology encompassing photonic crystals [4] , plasmonics [5] , metamaterials [6, 7] , silicon photonics [8] , and quantumdot photonic devices [9] . This is because these devices use propagating light even though the materials or particles used may be nanometer-sized. Advancing these innovations has required a deeper understanding of optical near-fi elds. The theoretical picture of dressed photons has been proposed to describe the electromagnetic interactions between nanometric particles located in close proximity to each other, giving birth to a new fi eld known as dressed photon technology.
This article reviews the unique features of dressed photons and demonstrates examples of the innovations that can be achieved [10] .
Principles
The optical near-fi eld is a virtual cloud of photons that always exists around an illuminated nanometric particle. A na ï ve wave-optical picture of the optical near-fi eld has been given [11] . This picture, however, is not adequate for use as a theoretical basis for realizing qualitative innovations; to do so requires a quantum optical approach and quantum fi eld theory. A real photon (also called a free photon, i.e., conventional propagating scattered light) can be emitted from an electron in an illuminated nanometric particle. Independently of the real photon, another photon is emitted from the electron, and this photon can be re-absorbed within a short duration. This photon, i.e., a virtual photon, is nothing more than the optical near-fi eld, and its energy is localized at the surface of the nanometric particle. Since the virtual photon remains in the proximity of the electron, it can couple with the electron in a unique manner. This coupled state, called a dressed photon, is a quasi-particle from the standpoint of photon energy transfer. It is the dressed photon, not the free photon, that carries the material excitation energy. The dressed photon has been theoretically described by assuming a multipolar quantum electrodynamic Hamiltonian in a Coulomb gauge and single-particle states in a fi nite nano-system [12] . After a unitary transformation and some simple calculations, the creation and annihilation operators of the dressed photon are expressed as the sum of the operators of the free photon and an electron -hole pair.
The real system is more complicated because the nanometric subsystem (composed of nanometric particles and dressed photons) is buried in a macroscopic subsystem composed of the macroscopic substrate material and the macroscopic incident and scattered light fi elds. A novel theory was developed to avoid describing all of the complicated behaviors of these subsystems rigorously, since we are interested only in the behavior of the nanometric subsystem. In this theory, the projection operator method is effectively employed for describing the quantum mechanical states of the system [13] . As a result of this projection, the local electromagnetic interaction in the nanometric subsystem is expressed by a screened potential using a Yukawa function, which represents the dressed photons around the nanometric particles. The decay length of this potential is equivalent to the particle size.
A real nanometric material is composed not only of electrons but also of a crystal lattice. In this case, after a dressed photon is generated on an illuminated nanometric particle, its energy can be exchanged with the crystal lattice. By this exchange, the crystal lattice can excite the vibration mode coherently, creating a multi-mode coherent phonon state. As a result, the dressed photon and the coherent phonon can form a coupled state. The creation operator of this quasi-particle, representing the coupled state, is expressed as the product of the creation operator of the dressed photon and a displacement operator of the phonon, which represents the creation of the coherent phonon state [14, 15] . This coupled state (the dressed photon carrying the coherent phonon energy, or DP-CP for short) is a quasi-particle and is generated only when the particle size is small enough to excite the crystal lattice vibration coherently.
Devices
To realize optical devices with innovative operating principles while decreasing their sizes beyond the diffraction limit and reducing the energy consumption required for their operation, novel dressed photon devices and their associated integrated circuits have been proposed [16] . As a fi rst example of a basic device, an AND gate using three different-sized cubic quantum dots (QDs) -used as two input ports and one output port -has been demonstrated [17] . By fi xing their size ratio to 1: 2:2, they satisfy the resonant condition for energy transfer by dressed photon exchange. In that study, AND gate operation was experimentally confi rmed at a temperature of 5 K by using cubic copper chloride (CuCl) QDs with sizes of 4 nm, 6 nm, and 8 nm, separated from each other by 3 nm. The rise time of the output signal is 25 ps, which is determined by the time constant of the dressed photon exchange and is inversely proportional to the dressed photon interaction energy represented by the Yukawa function. The fall time is 4 ns, which is determined by the carrier lifetime. A decrease in the fall time is expected by extracting the energy of the lowest exciton energy level of the input QD into the other energy levels in the other QDs placed adjacent to it. The second example is a NOT gate, for which two different-sized QDs are used as input and input ports. NOT gate operation was experimentally confi rmed by using CuCl QDs, as in the case of the AND gate [10] .
In another study, two layers of InAs QDs were grown on a substrate by molecular beam epitaxy in a size-and positioncontrolled manner for room-temperature operation of logic gates, and the substrate was processed to form a two-dimensionally aligned array of mesa structures ( Figure 1 ) [18] . The mesa dimensions were 300 nm × 300 nm × 85 nm, and the areal density was 1 × 10 8 units/cm 2 . Devices that operate as AND gates and NOT gates were implemented by adjusting the characteristics of the energy transfer via dressed photons between two InAs QDs in the upper and lower layers of the mesa structures. One hundred and thirty-three devices were fabricated, of which 53 devices operated successfully as AND gates and 50 devices operated as NOT gates. Figure 2 shows the NOT gate operation at room temperature. The Au nanoparticle plays the role of improving the output effi ciency of propagating light serving as an output signal of the device. That is, since the gallium arsenide (GaAs) constituting the barrier layer has a large refractive index, optical signals emitted by the device are scattered backward in the direction of the substrate [19] . The Au nanoparticle shown in Figure 1 allows a greater portion of the scattered light to be released to the outside of the device. By combining AND and NOT gates, NOR, OR, and NAND gates can be assembled, allowing a complete set of logic gates to be realized for application to future information processing systems.
Two kinds of optical pulse generators have also been invented: One uses cooperative behavior of the induced electric dipoles in a chain of closely spaced QDs to realize Dicke ' s super-radiant photon emission [20] . The other uses two QD systems, each consisting of a combination of smaller and larger QDs [21] . With an architecture in which the two QD systems take the role of a timing delay and frequency up-conversion, sustained pulsation with an oscillation period of several nano-seconds was numerically confi rmed.
A novel device named an optical nano-fountain has been devised as an input terminal to convert incident propagating light to dressed photons. Its operation is similar to that of the light-trapping antennae in light-harvesting bacteria [22] . Proper device operation has been experimentally confi rmed by using CuCl QDs at low temperature. The output optical spot diameter was <10 nm, and the time required for energy transfer to the central largest QD was about 1 ns, which is governed by the time constant for dressed photon exchange. For room-temperature operation of this device, multi-layered InAs QDs were grown by molecular beam epitaxy, as in the case of Figure 1 [23] . A layer of large QDs was sandwiched by 30 layers of small QDs. As a result of optical energy transfer, the photoluminescence intensity emitted from the large QDs was confi rmed to be 40 times larger than that from a solitary layer of large QDs.
An output terminal, i.e., effi cient energy conversion from dressed photons to propagating light, has been realized by fi xing a metallic nanometric particle in close proximity to the output QD of a dressed photon device, as was demonstrated in Figure 1 . An optical buffering operation has been confi rmed by using multiple-quantum wells in a zinc oxide (ZnO) nanorod [24] and by utilizing the time-delayed energy concentration feature of an optical nano-fountain [25] . A nano-dot coupler using a chain of cadmium selenide (CdSe) QDs [26] has also been devised. The dressed photon devices reviewed above have several unique features that establish their superiority over conventional wave-optical devices [5 -9] for application to nextgeneration information processing systems. One feature is undoubtedly their nanometer-scale dimensions reaching down beyond the diffraction limit, which is an example of a quantitative innovation in optical technology. However, it should be noted that the true nature of dressed photon devices involves their ability to realize qualitative innovations, originating from their unique features, listed below.
Low heat generation and low energy dissipation: A dressed 1.
photon device dissipates energy only through the relaxation from an upper electric-dipole -forbidden energy level to a lower electric-dipole -allowed energy level. It was found that the bit error rate of a device remained lower than 10 -6 if the magnitude of the energy dissipation due to the relaxation in the large QD was larger than 25 μ eV [27] . This small value of energy dissipation suggests that the heat generation of dressed photon devices could be substantially lower than that of conventional electronic logic devices [28] . In fact, this low energy dissipation could be as low as that of the computational operations in biological systems [29] . Single photon operation: The capability of dressed pho-2.
ton devices to operate based on single photons has been confi rmed by the Hanbury Brown and Twiss method [30] , where two closely spaced CuCl QDs were used at 15 K [31] . Single photon emission was guaranteed by three blockade mechanisms: tuning the incident light to the smaller QD and using an electric-dipole -forbidden energy level in the larger QD, using the dressed photon interaction to transfer energy from the smaller QD to the larger QD, and using a single exciton emission level in the larger QD. These mechanisms are supported by the large binding energy of the exciton molecule. A 99.3 % plausibility of single-photon emission was confi rmed with 99.98 % accuracy.
Resistance to non-invasive attacks: Conventional elec-3.
tronic and optical devices need electrical or optical wires to dissipate their energies toward the external macroscopic loads in order to fi x the output signal intensity. Since it is straightforward to monitor the signals transmitted through these wires by using electrical or optical sensing probes, non-invasive attacks are possible [32] . In contrast, a dressed photon device dissipates energy only through relaxation from the higher to lower energy levels in the QD. Because the energy is dissipated by non-radiative relaxation to the crystal lattice vibration in the QD and also because its magnitude is very low, non-invasive attacks are extremely diffi cult, and thus, tamper resistance is high [33] .
Based on the three unique features outlined above, dressed photon devices have already been employed for demonstrating novel information processing systems. One example is a highly integrated content addressable memory of an optical router system [34] .
Fabrication technologies
Novel fabrication technologies have been developed utilizing dressed photons. Some examples are reviewed in this section.
Photochemical vapor deposition
Photochemical vapor deposition (PCVD) involves depositing particles or fi lms on a substrate by photo-dissociating organic molecules. In the case of metallic Zinc (Zn) deposition as an example, a popularly employed metal-organic molecule is gaseous diethylzinc (DEZ), which has been employed as a parent gas due to its strong optical absorption [35] . Its photoabsorption energy, E abs , and dissociation energy, E dis , are 4.59 eV and 2.26 eV, respectively. In a novel PCVD method using a DP-CP, the molecule can be excited from | E g ; el 〉 ⊗ | E l ;vib 〉 to | E g ; el 〉 ⊗ | E h ;vib 〉 by absorbing the DP-CP energy, even though this transition is electric-dipole -forbidden. Here, | E g ; el 〉 , | E l ;vib 〉 , and | E h ;vib 〉 represent the ground electronic state, the lowest molecular vibrational energy state, and a high molecular vibrational energy state, respectively. Such processes are named phonon-assisted processes. If the incident photon energy hv is higher than E dis , transfer of a single DP-CP from the fi ber probe tip to the molecule is suffi cient for dissociation. On the other hand, when hv < E dis , a two-step DP-CP transfer, i.e., |
vib 〉 , is required for dissociation, by which the molecule can be excited to the excited electronic state | E ex ; el 〉 . One technical advantage of these phonon-assisted processes is that a high-power-consumption short-wavelength light source is not required. In principle, one can use a longer-wavelength light source even if its photon energy is lower than E dis , which represents a qualitative innovation of this novel PCVD method.
Figures 3 (A), (B), and (C) show AFM images of the nanometric Zn particles deposited on a sapphire substrate as a result of dissociating DEZ molecules by phonon-assisted PCVD using ultraviolet ( hv = 3.81 eV; wavelength = 325 nm), blue ( hv = 2.54 eV; wavelength = 488 nm), and red ( hv = 1.81 eV; wavelength = 684 nm) light sources, respectively, for generating the DP-CP at the fi ber probe tip [36] .
Figure 3(D) shows the relation between the photon fl ux, I , of the light incident on the fi ber probe tip for generating the DP-CP and the deposition rate, R , of the Zn nanometric particles on the substrate, which can be expressed as R = aI + bI 2 + cI 3 + … , where the fi rst, second, and third terms represent single-, two-, and three-step excitation by the DP-CP, respectively. Since the relation hv > E dis holds in the case of the ultraviolet light source [ Figure 3 (A)], single-step excitation is suffi cient to dissociate the DEZ molecules. Thus, the experimental results are fi tted by R = aI . Since hv > E dis also holds in the case of the blue light [ Figure 3 (B)], single-step excitation is suffi cient here, too. However, by increasing the incident light intensity I , two-step excitation becomes possible. Thus, the experimental results are fi tted by R = aI + bI 2 . Since hv < E dis holds in the case of the red light [ Figure 3 (C)], two-step excitation is essential for dissociation. By increasing I , even three-step excitation becomes possible. Thus, the experimental results are fi tted by R = bI 2 + cI 3 . Theoretical studies have shown that the ratios between the coeffi cients a,b,c , … satisfy the relation b/a = c/b = … . This relation was confi rmed experimentally by measuring the values of b/a and c/b , which were found to be on the order of 10 -15 [37] . It should be pointed out that a nanometric Zn particle can be deposited even by dissociating optically inactive zincbis(acetylacetonate) [Zn(acac) 2 ] molecules [37] .
Photolithography
Conventional photolithography is well-established and has matured as information technology has moved towards miniaturization with the associated exponential increase in the density of transistors that can be fabricated on computer chips. In a laboratory setting, lithographic patterns with a line resolution of about 100 nm have been obtained using 193 nm-wavelength UV radiation [38] . Although several studies of optical near-fi eld lithography have recently been reported [39] , it is unlikely to fi nd industrial applications and can be considered only as a complementary method to other photolithographic techniques. To solve these problems, the phonon-assisted process described above has been applied also to photolithography to pattern widely available commercial photoresists by using a visible light source, even though such photoresists are sensitive only to UV light. To confi rm this patterning ability, a fi lm of commercial photoresist (OFPR) was coated on a substrate, and a photomask having a sub-wavelength sized aperture was mounted on it. Irradiating the photomask and photoresist with visible light generated a DP-CP at the edge of the aperture of the photomask, and its energy was transferred to the photoresist, thereby activating and patterning the photoresist by the phonon-assisted process [40] . Figure 4 (A) shows an AFM image of the linear pattern formed on the OFPR photoresist. The linewidth of the fabricated pattern was as narrow as 90 nm, which is equivalent to the width of the aperture and is much narrower than the wavelength (550 nm) of the incident visible light. For comparison with conventional photolithography, which is based on an adiabatic process, the same OFPR photoresist and the same photomask were used. Here, they were illuminated by UV light, to which the OFPR photoresist was sensitive. As shown in Figure 4 (B), the resultant linewidth of the pattern was as wide as 300 nm, which is much broader than that of Figure 4 (A). The broader linewidth was due to diffraction of the propagating UV light passing through the aperture. Based on the results outlined above, a prototype machine has been constructed for producing commercial patterned devices [41] . It occupies an area as small as 1 m 2 . It uses a conventional xenon (Xe) lamp as a light source and is operated by computer-controlled robotics. A resolution of 20 -50 nm is guaranteed for a substrate area of 50 mm × 60 mm. It should be pointed out that a metallic photomask may degrade the resolution due to diffraction of the plasmonic wave. To solve this problem, the plasmonic wave on the photomask surface must be suppressed; it has been confi rmed that Si is a suitable photomask material for this purpose.
A linear pattern with a minimum linewidth of 22 nm has been realized by using high-resolution photoresist [41] . Other examples of fabricated structures include diffraction gratings and Fresnel zone plates for soft X-rays with a wavelength of 0.5 -1.0 nm. These devices were fabricated by using green light, whose wavelength is more than 500 times longer than that of soft X-rays. For the diffraction gratings, corrugations of 7600 lines/mm were patterned on a Si substrate, as shown in Figure 5 (A), and were then coated with molybdenum/ silicon dioxide (Mo/SiO 2 ) multilayer fi lms. The evaluated diffraction effi ciency was as high as 3 % in the soft X-ray wavelength range of 0.5 -1.0 nm. This is higher than that of a commercially available diffraction grating fabricated using a Potassium Hydrogen Phtalate (KAP) crystal lattice [42] . For Fresnel zone plates, concentric circular patterns were fabricated on a tantalum (Ta) fi lm [43] ; SEM images are shown in Figure 5 (B). The outer diameter, linewidth at the rim, and number of rings were 400 μ m, 420 nm, and 230, respectively. The thickness of the Ta was 65 nm. By evaluating the contrast of the pattern as a function of the order of the rings [ Figure  5 (C)], it was confi rmed that the phonon-assisted photolithography realized higher contrast than the conventional photolithography, especially for rings of higher order. A notable advantage of this method of fabricating soft X-ray devices is its mass-production capability. For example, with an exposure of several minutes, a pattern consisting of a two-dimensional array of Fresnel zone plates prepared on the photomask was transferred to the photoresist, allowing 49 Fresnel zone plates to be fabricated simultaneously.
Self-proceeding smoothing
Novel methods of smoothing surfaces are reviewed in this subsection, which are high-throughput fabrication technologies because neither a fi ber probe nor a photomask is required. The key to these methods is to exploit the fact that DP-CPs can always be generated on a nanometrically rough material surface when it is illuminated with propagating light. The generated DP-CPs cause smoothing of locally rough parts, which then become fl at, and the smoothing stops spontaneously because DP-CPs are no longer generated. Thus, they are called self-proceeding processes. Two methods are reviewed here.
1. Etching [44] : Substrates with ultra-fl at surfaces of subnanometer roughness are required for various applications, including the manufacture of high-quality, extreme-UV optical components, high-power lasers, ultra-short-pulse lasers, and future optical devices with dimensions at the sub-100-nm scale. It is estimated that the required surface roughness, R a , will be <0.1 nm [45] . Conventionally, chemical-mechanical polishing (CMP) has been used to fl atten the surface [46] . However, CMP has diffi culties in reducing R a to <0.2 nm because the polishing pad roughness is as large as 10 μ m, and the diameters of the polishing particles in the slurry are as large as 100 nm. In addition, polishing causes scratches or digs due to the contact between the polishing particles and/or impurities in the slurry and the substrate. To solve these problems, phonon-assisted photochemical etching was developed for smoothing the surface of glass. In this process, a quartz glass substrate with nanometric surface roughness is installed in a vacuum chamber fi lled with gaseous chlorine (Cl 2 ) molecules. Although the absorption band edge wavelength of these molecules is 400 nm, green propagating light with a wavelength as long as 532 nm is used for photochemical etching. The Cl 2 molecules remain stable above the fl at glass surface because of the absence of DP-CPs. However, when DP-CPs are generated at the tips of bumps on the illuminated rough surface, by the exchange of DP-CPs between the bumps and the Cl 2 molecules, the Cl 2 molecules are dissociated (as in Subsection 4.1) to produce chlorine (Cl) radicals, which etch the tips of the bumps. By this phonon-assisted process, the photochemical etching starts spontaneously to remove the bumps when the glass surface is illuminated with incident propagating light, and it stops spontaneously when the glass surface becomes so fl at that DP-CPs are no longer generated.
As shown in Figure 6 , the magnitude of the roughness, R a , evaluated by atomic force microscopic measurements, decreased to 0.13 nm after 30 min of photochemical etching. In order for in situ real-time monitoring of the change in surface roughness during the photochemical etching, red CW laser light (wavelength = 633 nm) was radiated onto the substrate surface in addition to the green CW laser light used for etching, and the scattered red light intensity was monitored [47] . As shown in Figure 6 , the monitored results are consistent with the results of the R a measurements.
After the photochemical etching, high-refl ectivity fi lms were coated on the glass substrate to produce a mirror suitable for high-power lasers [48] . Its laser damage threshold was evaluated by shooting the mirror with 355 nm laser pulses, which is a standard evaluation method (the " 200 on 1 " method in compliance with the international standard ISO 11254). The damage threshold was 14.0 J/cm 2 , which was 1.7 times higher than that of a mirror made from a conventional CMP substrate.
The methods reviewed above can be applied not only to planar substrates but also to convex and concave substrates. They can also be applied to the inner surface of a cylinder if it can be illuminated by propagating light. Side-walls of the corrugations of a diffraction grating pattern in soda lime glass have been also polished with this technique [49] . Furthermore, they can also be applied to a variety of materials, such as glasses, crystals, ceramics, metals, plastics, and so on. They can be used to polish surfaces of magnetic disks, photomasks for high-resolution photolithography, and so on.
2. Desorption [50] : Transparent polycrystalline ceramics are attracting interest for applications in optical technology [51 -54] , particularly for use as gain media for solid state lasers or optical windows [55 -58] . To realize higher lasing effi ciency or to reduce the scattering loss in optical windows, it is necessary to decrease the surface roughness. To meet this requirement, CMP is diffi cult to apply to polycrystalline ceramics because of their anisotropic interaction with the polishing medium. A key problem with CMP is that it may cause scratches because of collisions with the abrasive grains in the slurry. Furthermore, CMP may cause bumps on the surface, due to the difference in etching rates between adjacent grains and the polycrystal. To solve these problems, phonon-assisted desorption has been developed for smoothing the surface of transparent alumina (Al 2 O 3 ), which is a hard polycrystalline ceramic, with the aim of fabricating low-loss gain media for ceramic lasers to be used in laser-driven spark plugs for the ignition systems in automobile engines. It is expected that the surface roughness, including the scratches formed in the preliminary grinding by diamond abrasive grains, will be repaired by sputtering Al 2 O 3 particles and phonon-assisted desorption. For this purpose, Al 2 O 3 particles are deposited on the substrate by RF sputtering. The substrate is illuminated with visible light (power density, 400 mW/cm 2 ) whose wavelength (473 nm) is longer than that of the absorption band edge wavelength (260 nm) of the Al 2 O 3 particles. By this illumination, DP-CPs are generated on the ridges of the scratches, which causes the Al 2 O 3 particles to be activated, increasing the migration length, or which causes them to be desorbed from the ridges. By this phonon-assisted process, the deposition at the ridges is suppressed, whereas the bottoms of the scratches are fi lled by the Al 2 O 3 particles, and fi nally, the scratches are repaired. Experimental results are shown in Figure 7 , which shows a drastic change in the surface profi le. Statistical analysis using a Hough transform revealed that the average width of the scratches decreased from 128 nm to 92 nm using this method. The average depth decreased from 3 nm to 1 nm.
Energy conversion
This section reviews novel methods of conversion between optical and electrical energies by using DP-CPs.
Optical to optical energy
Frequency up-conversion of infrared light is advantageous for many applications, such as expanding the effective bandwidth of photodetectors or imaging sensors. Although second harmonic generation (SHG) [59] and phosphorescence using a multistep transition [60] are popular alternatives, SHG requires high-power, coherent light or a built-up cavity for high effi ciency, and phosphorescence suffers from problems with saturation of the emitted light intensity. To increase the frequency up-conversion effi ciency and to avoid these problems, a novel optical energy up-conversion method has been realized by using powdery grains of 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) organic dye molecules as a test specimen [61] . Although the absorption band-edge wavelength of the DCM is as short as 670 nm, the grains are illuminated by near-infrared light with a wavelength of 805 nm. This illumination generates DP-CPs at the edges of the grains, which are then exchanged between adjacent grains. As a result of this exchange, an electron in an adjacent grain is excited by a phonon-assisted process and then emits photons whose energies are higher than that of the incident light due to the contribution of the phonon energy.
Curve A in Figure 8 shows the spectral profi le of the frequency up-converted light. For comparison, curve B is the spectral profi le of the conventional fl uorescence excited by the 402 nm-wavelength light. The spectral profi les show similar shapes in the wavelength range shorter than 660 nm, which means that the up-converted light is emitted from the electrons in the same excited state as that involved in emitting the fl uorescence. The spectral intensity of curve A in the longer wavelength range is as high as that of its spectral peak, which means that the longer wavelength light is emitted from a long-lived electronic excited state to which the electron relaxes after the phonon-assisted excitation. Inset images in this fi gure show optical microscope images of the frequency upconverted light and conventional fl uorescence. The lower image shows an inhomogeneous spatial distribution of the emitted light intensity because the light was emitted selectively from the edges of the grains, showing the phonon-assisted process due to the DP-CPs. In the upper image, the spatial distribution of the fl uorescence intensity is homogenous, in contrast to that of the lower image. Figure 9 (A) shows the relation between the incident photon fl ux used for excitation and the frequency up-converted photon fl ux emitted from the DCM. Experimental results are presented for the wavelength components of 650 nm and 690 nm, to which the second-order curve was least-squares fi tted. The fi tted results are represented by solid curves A and B. These curves show that the frequency up-conversion is due to the two-step excitation by the DP-CPs [62] . The curve A in Figure 9 (B) shows the relation between the incident light power density and the effi ciency of the frequency up-conversion. For comparison, the line B shows the effi ciency of conventional second harmonic generation from a popular Potassium Dihydrogen Phosphate (KDP) crystal, which has the same optical thickness as that of the powdery grains of DCM. It is easily found that the effi ciency of the frequency up-conversion is more than 100 times greater than that of the second harmonic generation for an incident light power density lower than 1 W/cm 2 . By increasing the incident light power density, the second-step excitation of the phonon-assisted process becomes dominant, and thus, the conversion effi ciency increases in proportion to the incident light power density. Therefore, the conversion effi ciency remains higher than that of the second harmonic generation even at higher incident power density.
It has been found that non-degenerate two-step excitation can also emit higher-frequency light by using two mutually independent light beams with different wavelengths [63] . Using this excitation, a novel system for optical pulse shape measurement has been developed: Due to the two non-degenerate optical pulses, the DCM is excited by the two-step phonon-assisted process. By measuring the emitted light intensity with a conventional visible-light photodetector as a function of the time delay of the incident reference optical pulse, the optical pulse shape to be measured can be acquired. Using the DCM, the shape of the 800 nm-wavelength optical pulse was measured with a temporal resolution of 0.8 ps, which was limited by the lifetime of the intermediate state involved in the two-step excitation. The measured optical pulse shape has low jitter because the measurement system employs only optical processes, unlike the conventional streak-camera system employing electro-optical processes. By using other commercially available dye molecules, such as Coumarin, the measurable wavelength range can be extended to 1.3 -1.55 μ m with a temporal resolution of 0.8 ps, which enables optical pulse shape measurement for optical fi ber transmission systems.
Optical to electrical energy
A key issue in the progress of optical technologies is improving the performance of semiconductor photovoltaic devices, for example, increasing their conversion effi ciency. Although it is also essential to expand their working wavelength range, the long-wavelength cutoff, λ c , is governed by the bandgap energy, E g , of the semiconductor material used as the active medium for these devices. To expand the wavelength range, lower E g is required, which can be achieved by exploring novel semiconductor materials or structures. This subsection reviews a novel method of expanding the working wavelength range of a photovoltaic device beyond the one limited by E g , even though the semiconductor materials remain untreated. It utilizes a phonon-assisted process to convert optical energy to electrical energy with frequency up-conversion to realize selective photocurrent generation in the transparent wavelength range of the photovoltaic device material [64] . This frequency up-conversion can extend the photo-detection bandwidth of photovoltaic devices, which has been confi rmed by using a poly(3-hexylthiophene) (P3HT) organic thin fi lm as a p-type semiconductor and a ZnO fi lm as an n-type semiconductor. The absorption band-edge wavelength, i.e., the long-wavelength cutoff, λ c , is 570 nm, which is governed by the bandgap energy, E g , of the P3HT. An ITO layer and an silver (Ag) layer were used as electrodes of the device.
The phonon-assisted process is used twice: once for efficient photocurrent generation in the wavelength range beyond the one limited by E g , and once for fabricating a metallic electrode for the device, in which the morphology of the Ag electrode surface can be controlled in a self-organized manner [65] so that the phonon-assisted process is effi ciently induced for photocurrent generation. For this self-organized control, Ag is deposited by RF-sputtering under light illumination on a previously deposited Ag thin fi lm while the P3HT/ZnO pn-junction is reversely biased with a DC voltage V b . Here, V b was fi xed to -1.5 V, and the wavelength, λ 0 , of the incident light was 660 nm, which is longer than λ c of the P3HT. It is expected that this deposition with light illumination controls the morphology of the Ag fi lm as a result of the phononassisted process induced by the DP-CPs. When the Ag fi lm with this controlled morphology is used as an electrode of the photovoltaic device, it is also expected that a conspicuous phonon-assisted process will be induced for photocurrent generation.
The mechanism of controlling the morphology is as follows: Under light illumination, a dressed photon is generated on the Ag surface. This dressed photon excites a coherent phonon at the pn-junction, resulting in generation of a DP-CP. By the two-step phonon-assisted process, induced by the DP-CP, electrons can be excited to create electron -hole pairs at the pn-junction even though the photon energy of the incident light is lower than E g . The created electron -hole pairs disappear because the electrons and positive holes are separated from each other due to the electric fi eld of the reverse bias voltage. As a result, the positive holes are injected into the deposited Ag. Since the sputtered Ag is positively ionized due to the transmission of the Ag through the argon plasma or due to the collision of the argon plasma with the Ag target used for RF-sputtering, these positively ionized Ag particles are repulsed from the area of the positively charged Ag fi lm into which the positive holes have been injected in the manner described above. This means that subsequent deposition of Ag is suppressed in the area in which the DP-CP energy density is higher than in other areas. As a result, a unique granular Ag fi lm is formed, which depends on the spatial distribution of the DP-CP energy density. This granular Ag fi lm grows in a self-assembled manner with increasing RF-sputtering time, resulting in the formation of a unique morphology.
By using this morphology-controlled Ag fi lm as an electrode of the photovoltaic device and by applying the incident light from the rear surface of the sapphire substrate, it is expected that the DP-CPs can be effi ciently generated on the electrode. Thus, electron -hole pairs can be created effi ciently by the phonon-assisted process if this device is illuminated by light with the same wavelength, λ 0 , as the one used for controlling the morphology. On the other hand, if it is illuminated by light of a different wavelength, λ 1 , the effi ciency of the electron -hole pair creation should be lower because the spatial profi le and the photon energy of the generated DP-CPs are different from those in the case where wavelength λ 0 is used. Thus, this device should exhibit wavelength-selectivity in the photocurrent generation, which should take a maximum at the wavelength λ 0 . Furthermore, since this wavelength is longer than λ c , the working wavelength becomes longer than that limited by E g .
By depositing Ag on the previously fabricated Ag fi lm by RF sputtering, a fi rst device (Device 1) was fabricated without applying the bias voltage, V b , or the incident light power, P , which was used as a reference to evaluate the performance of a second device (Device 2). For Device 2, V b and P were -1.5 V and 70 mW, respectively. Inset photos in Figure 10 show SEM images of the Ag fi lm surfaces of Devices 1 and 2. By comparing them, it is clear that the Ag surface of Device 2 was very rough, with larger grains than those of Device 1. The average and standard deviation of the grain diameters of Device 2 were 86 nm and 32 nm, respectively. Since the sum of the thicknesses of the Ag and P3HT was estimated to be <70 nm, it is expected that the DP-CPs generated on the Ag grains of Device 2 can extend to the pn-junction. As a result, it is expected that these DP-CPs effi ciently create electron -hole pairs at the pn-junction by the phonon-assisted process.
The wavelength dependences of the photocurrent generation in the longer wavelength range beyond E g of P3HT are shown in Figure 10 . Based on a linear relation between the incident light power and the generated photocurrent density, the power density of the incident light, which was radiated through the transparent ITO electrode, was fi xed to 125 mW/cm 2 (optical power = 1 mW). The photocurrent density from Device 1 was very low, but it is shown by curve A as a reference. Curve B represents the measured photocurrent densities from Device 2, generated by incident light with wavelengths up to λ i = 670 nm, which clearly demonstrates the extension of the working wavelength range beyond that limited by E g of P3HT. The photocurrent of curve B was the highest at λ ip = 620 nm. Thus, Device 2 effectively functions as a wavelength-selective photovoltaic device for incident light with a wavelength beyond that limited by E g . The wavelength λ ip is 40 nm shorter than λ 0 , which is attributed to the DC Stark effect induced by the reverse bias voltage, V b , applied in the process of controlling the morphology. The photocurrent density was 0.15 mW/cm 2 at the peak of curve B, which corresponds to a quantum effi ciency of 0.24 % , which is as high as that of a conventional heterojunction photovoltaic device using P3HT [66] . However, it should be pointed out that Device 2 realized such high quantum effi ciency even for wavelengths longer than the one limited by E g of P3HT. This morphology-controlling technology using DP-CPs can be applied not only to the device described here using the organic P3HT thin fi lm but also to a variety of other photovoltaic devices, including solar cell batteries.
The morphology was analyzed, and a stochastic model was constructed in order to understand the principles behind the self-organized pattern formation process [67] . The modeling includes the geometrical characteristics of the structures, their associated dressed photons, and the matter that fl ows in and out of the system. The numerical simulation exhibited behavior consistent with the experimental results. These phenomena can be regarded as a new kind of self-organized criticality taking account of dressed photons.
Electrical to optical energy
Although silicon (Si) is a semiconductor having low toxicity and no concerns about depletion of resources, its photon emission effi ciency is low because it is an indirect transition type semiconductor. However, because of the growing concern over environmental issues, light emitting diodes (LEDs) using Si have recently been investigated. For example, in the visible region, porous Si [68] , silicon/silicon dioxide (Si/SiO 2 ) superlattice structures [69, 70] , and Si nanoprecipitates in SiO 2 [71] have been used, and in the infrared region, erbium-doped Si [72] and silicon-germanium (Si-Ge) [73] have been used. However, their emission effi ciencies are still lower than 1 % [74] .
In this subsection, a novel fabrication technology and operation of a highly effi cient, broadband LED using a bulk crystal Si having a simple homojunction structure are reviewed. The spatial distribution of the dopant density in the Si is varied by annealing using a phonon-assisted process induced by a dressed photon [36] . By this process, an electron -hole pair is created even if light having a photon energy smaller than the Si bandgap energy, E g , is incident. The reason for this is that it is possible for electrons in the valence band to be excited to the conduction band via an electric-dipole -forbidden transition to the phonon level. This excitation is a two-step transition, as in the cases described in Subsections 5.1 and 5.2.
There is an inverse process to this process, namely, the twostep spontaneous emission process [64] . Some of the DP-CPs spontaneously emitted by this two-step process are converted to observable propagating light, allowing an LED to be realized. The emission wavelength of this device depends not on the bandgap energy, E g , but on the energy of the DP-CP generated in the vicinity of the p-n junction.
It is well-known that a phonon is needed for an indirect transition type semiconductor to spontaneously emit propagating light. This is because, for spontaneous emission, the wavenumber must be conserved. A DP-CP, however, has multiple modes that satisfy the wavenumber conservation law because the photons are strongly coupled with multi-mode phonons [36, 75] , and thus, the probability of spontaneous emission due to the DP-CP is extremely high. In addition, this phonon-assisted process can also involve a two-step stimulated emission process.
To realize an LED device, the two-step phonon-assisted process involving DP-CPs was used twice: once for operating the device to obtain spontaneously emitted light, and once for fabricating the device, in other words, for self-organized control of the spatial distribution of the dopant density suitable for high-effi ciency spontaneous emission. The second usage method is described in the following.
To fabricate the device, an arcenic (As)-doped n-type Si crystal wafer was used, which was then doped with boron (B) by ion implantation to form a p-layer. After forming a p-n homojunction in this way, an ITO layer and an Al layer were deposited, to be used as positive and negative electrodes, respectively. Finally, a forward bias voltage of 16 V was applied to generate Joule heating for performing annealing, which diffuses the B and varies the spatial distribution of its concentration. During this process, laser light (optical power density = 10 W/cm 2 ) with a photon energy ( hv anneal = 0.95 eV, wavelength = 1.30 μ m) smaller than the bandgap energy of Si ( E g = 1.12 eV) [76] was radiated from the ITO electrode side.
This radiation induced a phonon-assisted process, modifying the B diffusion by annealing, and forming characteristic minute inhomogeneous domain boundaries in a self-organized manner. This was due to the following three reasons: Because the forward bias voltage (16 V) is much higher than E g ( = 1.12 eV), the difference between the quasi-Fermi energies of the conduction and valence bands is higher than E g , thus satisfying the Bernard -Duraffourg inversion condition. Also, when light with a photon energy hv anneal below E g is radiated, this light propagates in the substrate without being absorbed in the Si and generates dressed photons at the domain boundaries of the inhomogeneous distribution of B [77] . These dressed photons excite coherent phonons close to the p-n junction, forming DP-CPs. Because the DP-CP energy is the sum of the dressed photon energy and the energy of the induced phonon, this energy is large enough to cause stimulated emission of photons even though hv anneal < E g . Thus, a part of the Joule heating energy due to the forward bias is spent in the stimulated emission of photons, and therefore, the annealing rate is decreased. That is, at sites where the phonon-assisted stimulated emission is easily generated, the shape and dimensions of the inhomogeneous domain boundaries of B become more diffi cult to change. However, it is expected that the shapes and distribution of the domain boundaries formed in this way will be optimal for effi ciently inducing the phonon-assisted process during device operation.
After the surface temperature suddenly increased to 154 ° C by the Joule heating due to the bias current, it dropped and reached a stable value (140 ° C) after about 6 min. This temperature variation is consistent with the above discussion related to annealing under light irradiation. Specifi cally, once the DP-CPs are generated in the domain boundary and commence stimulated emission, part of the Joule heating is dissipated in the form of light, and the temperature drops, soon reaching the stationary state. The forward bias was applied for 30 min while irradiating the device with light, which completes the fabrication of the device. made to fl ow in a commercially available Si photodiode. In this graph, like the results in Ref. [74] , the emission spectrum was distributed on the high-energy side of E g ( = 1.12 eV). This is due to phonon scattering in the indirect band structure of the Si. Curves B -D are the emission spectra of devices fabricated by annealing for 1 min, 7 min, and 30 min, respectively. The injected current density was 1.5 ± 0.5 A/cm 2 . Unlike curve A, the emission spectrum extended to energies lower than E g . The decrease in the emission spectral intensity in the energy region below 0.8 eV was due to the sensitivity limit of the photodetector. The 1-min annealed device had an intense emission peak close to E g , which extended as far as 0.75 eV (wavelength = 1.65 μ m), as shown in curve B. A new emission peak appeared close to 0.83 eV (wavelength = 1.49 μ m) in the emission spectrum of the 7-min annealed device (curve C). In the 30-min annealed device (curve D), there was no intense emission peak at E g ; however, a peak (downward pointing arrow in the fi gure) appeared in the region corresponding to the photon energy ( hv = 0.95 eV, wavelength = 1.3 μ m) of the light irradiated during annealing. In addition, the peak in the low-energy region (0.83 eV) was higher than in curve C. Figures 13 (A) shows the relationship between the output optical power and the electrical driving power of the 30-min annealed device. When 11 W of electrical power was supplied, the external power conversion effi ciency was 1.3 % . The differential external power conversion effi ciency was 5.0 % , which was derived from the gradient of the straight broken line in this fi gure. To obtain the quantum effi ciency, Figure 13 
Hierarchy and its applications
There are multiple layers associated with the physical scale between the macro-scale world and the atomic-scale world, which are primarily governed by propagating light and electron interactions, respectively. Between those two extremes, typically in scales ranging from a few nanometers to the wavelength scale, dressed photon interactions play a crucial role, and they exhibit hierarchical properties [66, 78] .
We can make use of physical differences in optical near-fi eld and far-fi eld effects for a wide range of applications. The behavior of conventional optical elements, such as diffractive optical elements, holograms, or glass components, is associated with their optical responses in the optical far-fi eld. Nanostructures can exist in such optical elements as long as they do not affect the optical responses in the far-fi eld. Therefore, designing nanostructures that are accessible only via DP-CPs can provide additional, or hidden, information recorded in those optical elements while maintaining the original optical responses in the far-fi eld. A " hierarchical hologram " and a " hierarchical diffraction grating " have been experimentally demonstrated [79, 80] .
There is hierarchy at scales smaller than the optical wavelengths [66] . The electromagnetic interactions between two nano-materials are maximized when these sizes are comparable. Based on this principle, hierarchical memory retrieval was demonstrated using an array of Au nanoparticles, each with a diameter of 80 nm, distributed over a SiO 2 substrate in a 200 nm-radius ring. The output signal increased linearly corresponding to the number of nanoparticles, demonstrating successful hierarchical memory retrieval from nanostructures via dressed photon interactions.
Such a hierarchical property has also been applied to nanofabrication. By inducing fabrication processes selectively at the positions where dressed photons are generated, a smaller-scale structure can be generated even from a larger-scale one via dressed photon interactions. The principle has been experimentally confi rmed by using ZnO nanoneedles fabricated through metal-organic vapor phase epitaxy (MOVPE) followed by a photo-induced MOVPE procedure, where smaller-scale generated structures were clearly observed with the help of light irradiation [81] .
Shape-engineering of metal nanostructures is a promising asset in realizing hierarchical optical responses thanks to the progress of technologies in fabricating fi ne nanostructures [82, 83] . Optical near-and far-fi eld responses from metal nanostructures can be understood in a unifi ed manner by examining induced electric currents in individual nanostructures and their associated DP-CPs between the nanostructures [84] . Based on this picture, a quadrupole-dipole transform has been theoretically and experimentally demonstrated by using two stacked layers of nanostructures [85, 86] . Such functionality is useful in ensuring product authentication or certifi cation, where a system should work only when the two nanostructures match, just like a lock and key.
Conclusion
Dressed photons have allowed the realization of qualitative innovations in optical technologies, i.e., enabling novel optical devices, fabrication technologies, energy conversion, and hierarchical systems that would be unrealizable if only conventional propagating light were used. For example, in the case of fabrication technologies, it should be noted that large, expensive, high-power-consumption, short-wavelength light sources are not required; the fabrication equipment has low power consumption, as discussed in Section 4. The phonon-assisted photochemical etching described in Subsection 4.3 does not involve the use of rare-earth metals, in contrast to the conventional CMP method which uses a large amount of cerium dioxide (CeO 2 ), a typical rare-earth metal, for polishing quartz glass. It should also be noted that silicon, used for the energy conversion described in Subsection 5.3, has low toxicity and no concerns about depletion of resources. These notable features, realized by using dressed photon technology, are advantageous for energy saving and environmental protection for future society.
